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Abstract

The near wake characteristics of a circular cylinder were modified by use of splitter
plates, cylinder taper, and shear flow to investigate the relationship between the various
near wake parameters. The results are based on hot wire and mean pressure
measurements, flow visualization of the near wake, and linear stability analysis of the shear
layer.

The straight cylinder variation in Strouhal number with respect to splitter plate
length was divided into four regions identified by the flow phenomenon that dominates the
shedding frequency selection namely, stabilizing, shear layer elongation, reduced
entrainment, and splitter plate-vortex interaction. A sinuous plate increased the 2-
dimensionality of the shear layer compared to the straight plate and affected the spanwise
coherence of the Kérmdn vortices. However, within the formation region the sinuous
splitter plate produced results similar to those produced by a straight plate of equal average
length.

Shear flow past a straight circular cylinder produced spanwise cells of constant
shedding frequency. Each cell behaved as a coherent structure wh;)se characteristics were
determined by the average flow conditions across the cell. The variation in shedding
frequency for each cell with respect to plate length was found to be similar to the uniform
flow behavior. However, a reduction in formation length was measured in the low velocity

cell which was equivalent to an effective increase in splitter plate length. For intermediate




plate lengths amplitude modulation effects were revealed in the low velocity cell. These
effects were attributed to an oscillation between a correlated cell-type behavior and an
uncorrelated local-type behavior at the low velocity region of the span.

In uniform flow the tapered cylinder produced spanwise cells of constant shedding
frequency similar to those observed for the straight cylinder in shear flow. It was
demonstrated that a properly matched shear flow and taper ratio will produce a constant
shedding frequency along the span.

Flow visualization images of the evolution of the transition vortices in the separated
shear layer were produced. A 'phase-locking’ between the transition waves of the two

shear layers was observed and attributed to feedback from the K4rmén shedding.
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CHAPTER 1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction to the bluff body problem

Although there is no rigorous definition of a bluff body flow it is generally accepted
that it is a flow over a relatively thick body in which flow separation and an unsteady wake
are its primary characteristics. It is one of the most common flows encountered in the
everyday world and a few examples include, flow over and around automobiles, bridges,
skyscrapers, offshore drilling platforms, pilings, struts, and masts. In practical
applications, the ability to predict and possibly control the drag and unsteady wake
produced by a bluff body would greatly benefit the designers. In a broader sense, fluid
mechanicians would benefit from an increased understanding of the complex fluid
interactions presented by a flow past a bluff body. The Navier-Stokes equations, which
are derived from a set of physical principles subject to a set of constraints (initial, boundary
conditions, fluid properties) govern the behavior of bluff body flows for the majority of
engineering applications. However, they cannot be solved directly because of the analytical
difficulties in the non-linearity of the equations. Numerical solutions are limited by
available techniques and computing power and are confined to relatively low speed
regimes. As a consequence of these difficulties, most of the recent advances in the bluff
body problem have been based on experiments. The current investigation is primarily
experimental and focuses on a bluff body with a circular cross section. This geometry has
attracted much of the bluff body experimental and theoretical research efforts because it is
as simple and basic a streamlined bluff body that one can study and is a common shape

found in engineering materials and designs.




There are different flow regimes associated with the bluff body problem and they
may be categorized by the ratio of two dominant forces, inertia and viscous. This ratio,
known as the Reynolds number, Re, is an important non-dimensional parameter
commonly referred to in fluid mechanics. Experimental investigations found that flows of
different velocity, viscosity and characteristic length demonstrate similar characteristics if
they share a common Reynolds number. Low Reynolds number flows are dominated by
viscous forces and behave differently than flows at higher Reynolds number. Flows at
high Reynolds number, such as that investigated in this research have high inertia forces.

The Reynolds number is defined,

(1.1)

where, Uy, is the mean freestream velocity, D is the cylinder diameter, and v is the

kinematic viscosity of the fluid.

To the designer presented with a bluff body flow problem, the most important
characteristics are typically the drag on the body and flow induced vibration caused by the
unsteady wake. Reduction of drag and aerodynamic load is of importance in the design of
most vehicles and structures. Perhaps though, as important to ensure the design of safe
and long lasting structures, is an accurate understanding of the magnitude and frequency of
the wake flow oscillations and how the wake interacts with the body to produce the
unsteady loading. The variation in drag and shedding frequency with Reynolds number are
presented in Figures 1.1 and 1.2 in the non-dimensional form of drag coefficient, C4, and

Strouhal number, St, defined,

_ Drag Force / unit length

Cq
%pUéD

(1.2)




St=—S= (1.3)
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where, p is the density of the fluid, and f; is the shedding frequency of the vortices.
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Figure 1.1. Drag coefficient for a circular cylinder as a function of Reynolds number.

from Schlichting [1979].
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Figure 1.2. Strouhal number for a circular cylinder as a function of Reynolds number.

from White [1986].

There are many excellent review papers describing in detail the characteristics of the

different Reynolds number regimes. The interested reader is referred to Morkovin [1964],




Sarpkaya [1979], and Coutanceau and Defaye [1991]. The current investigation focuses
on the subcritical Reynolds number regime, 150-300 < Re < 100,000-130,000. For the
case of a circular cylinder within that regime, laminar boundary layers form on either side
of the stagnation point and accelerate with the flow around the curvature of the cylinder.
An adverse pressure gradient develops on the downstream portion of the body due to the
decelerating flow beyond the maximum thickness point on the cylinder. The adverse
pressure gradient is sufficient in the subcritical regime to cause the boundary layer to
separate from the body at an angle of approximately 82 degrees from the stagnation point.
Shear layers form from the separated boundary layers and their locations define the
transverse éxtent of the wake, separating the potential outer flow from the vortical flow
inside the wake. The shear layer of the wake is characterized by a change in the instability
from locally absolﬁte to locally convective at a particular downstream location. The shear
layer becomes unstable shortly after separation forming small scale transition vortices
which increase the shear layer's entrainment capability and define the beginning of the
turbulent shear layer. The location of transition in the shear layer moves progressively
closer to the cylinder with increasing Reynolds number. The shear layer rolls up and
forms a large scale vortex that increases in strength as it is fed by circulation from the shear
layer. The forming vortex draws the opposing shear layer closer through the action of
Biot-Savart inductance. This action results in the entrainment by the vortex of opposite-
sign vorticity. When a sufficient concentration of vorticity is entrained, the vortex growth
terminates and it convects away from the body. The process repeats itself with the
opposing shear layer and is referred to as vortex shedding, the resulting wake structure is
called the Kdrmdn vortex street. For a circular cylinder within the subcritical regime, the
Strouhal numl;er is relatively constant, St = 0.20. Other significant characteristics are that,
over the majority of the subcritical regime, the drag coefficient remains fairly constant,
around C4 = 1.2, and the flow is relatively insensitive to surface roughness and freestream

turbulence levels.




The characteristic that distinguishes the circular cross section from many other bluff
bodies, e.g., rectangular, triangular, D-section, flat plate normal to the flow, etc. is that the
separation points are not fixed by the geometry. With other shapes that contain sharp
corners, the location of flow separation is constant and stable. The circular cross section
however, have separation points that depend on the energy contained in the boundary layer
and the unsteady forces in the wake. For instance, in the critical Reynolds number regime,
the boundary layer becomes turbulent before separation. The turbulent boundary layer
being more energetic than its laminar counterpart is better able to oppose the adverse
pressure gradient and remains attached to the cylinder longer. The delayed separation
results in a narrower wake and reduced drag. In addition, the unsteady forces in the wake
produce an oscillation of the separation points when they are not fixed by the geometry.
This results in transverse 'flapping’ of the shear layers which is in-phase with the vortex

shedding frequency and produces a wider wake width and increased drag.

1.2 Near wake characteristics

The vorticity measured in a vortex near the cylinder is about 50 to 80% less than
the vorticity shed from the boundary layer in one shedding cycle. These results are well
documented in experimental measurements by Bloor [1964] and Cantwell and Coles
[1983]. This reduction in strength is caused by the entrainment of fluid with opposite-sign
vorticity from across the shear layer. Gerrard [1966] suggested that the size of the
formation region was determined by the balance between these entrainment flows labeled

(a), (b), and (c) in Figure 1.3.




Figure 1.3. Filament-line sketch of the formation region. Arrows showing reverse flow

(c) and entrainment (a) and (b). From Gerrard [1966].

Flow (a) is the entrainment of opposite-sign vorticity from the opposing shear layer into the
primary vortex. The amount of circulation carried by this flow is not considered to vary
significantly with Reynolds number. The entrainment into the shear layer, flow (b), is
determined by the length of the shear layer and its level of turbulence and therefore depends
on Reynolds number. Flow (c) indicates the remainder of the entrained flow that
contributes to the reverse flow region. With increasing Reynolds number the transition
point in the shear layer moves upstream. The more turbulent shear layer is able to entrain
more fluid, thereby decreasing the shear layer's net circulation and producing a weaker
vortex (supported by experiments of Bloor and Gerrard [1966]). The resulting increased
flow out of the formation region, due to a more turbulent shear layer, cannot be balanced
by an increase in the flow into the formation region because of the weaker vortex's
diminished ability to entrain fluid. As a consequence, the region shrinks in size to a state

where the entrainment flows are in equilibrium again.

The various parameters used in describing the near wake region are identified in
Figure 1.4 along with the notation adopted for the current investigation, cylinder diameter,
D, splitter plate length, £, freestream mean velocity, Uy, wake width, d', formation region

length, £¢, and shear layer velocity, Us.
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Figure 1.4. Definition of the vortex formation region parameters and notation.

Bloor [1964] defined the vortex formation region as the region of flow inside the wake
between the separation point and the first appearance of the periodic vortex street. The
transverse extent of the wake is bounded by the shear layers and can be determined through
flow visualization or measurement of the wake fluctuations. The resulting wake width
depends on whether the region is viewed in a instantaneous or time average sense.
Typically, the time average definition is used and the width determined by finding the
transverse distance between the highest fluctuation energy locations in the near wake.
Since there is curvature associated with the shear layers, the wake widths reported in
similar investigations can differ because they depend on the streamwise location of where
the wake measurements were conducted. This presents a problem when comparing results
from different investigations although, the qualitative trends appear to be consistent
regardless of the streamwise measurement location. The length of the region is defined by
the location where the forming vortices first cross the centerline of the wake and

corresponds to the location of highest measured fluctuation energy along the wake axis.




The base pressure is defined as the pressure measured at the rear stagnation point of ‘

the cylinder. On the downstream side of the cylinder beyond the separation points, the
pressure varies little from this value. In cases where access to the base may be obstructed,
such as with the base mounted splitter plates used in the current study, it is reasonable to
define the base pressure at a location slightly offset, say 10° from the base. Roshko [1955]
related the base pressure to the shear layer velocity by application of Bernoulli's equation
between the base of the cylinder and the flow at the separation point, just outside the

boundary layer,

P,-P,, =§(Uﬁ1—U§) (1.4)

where, Ps and Py, are the shear layer and freestream static pressure respectively, and Uy

and Uy, the corresponding velocities. Due to the constancy of the pressure on the cylinder

beyond the separation point, P can be replaced by the static pressure at the base, Py, and

when the result is expressed as a pressure coefficient gives,

2
Cpb=1—[U£S—j =1-K? (1.5)

m

where Cpp, is the base pressure coefficient and K is defined as the base pressure parameter,
K=,1-Cp (1.6)

The base pressure parameter increases with increasing base suction and therefore, equation
1.6 predicts that the shear layer velocity increases in direct proportion. Results of Roshko
[1954], Gerrard [1965], and Bearman [1967] confirm that trend to be accufate. An

important distinction must be made between the shear layer velocity discussed by Roshko ‘




[1954] and the shear layer velocity presented in the current investigation. The shear layer
velocity considered herein was defined as the mean velocity corresponding to the maximum
RMS values of the wake width traverses and reflects the velocity near the center of the
shear layer at a streamwise location approximately 0.5D from the cylinder base. This
velocity was included primarily because it was available directly from the wake traverse
data used to define the wake width. Although it varies significantly in magnitude from
Roshko's definition it still provides a characteristic shear layer velocity from which

consistent comparisons can be made.

1.3 Stability considerations

A potential flow model of the wake consisting of a double row of staggered point
vortices was introduced by von Kdrmén (see Milne-Thomson [1938]). A linearized
stability analysis of that model indicated that the bluff body wake is stable to first order
disturbance if the ratio of longitudinal to transverse vortex spacing was equal to 0.281.
Although the model ignored 3-dimensional effects and contradicted the known existence of
stable vortex streets at Reynolds numbers where higher order disturbances were present,
the ratio is accurate for many bluff bodies. Kronauer [1964] suggested that the vortex
street arranges itself into a configuration giving minimum vortex street drag and applied his
condition to von Kdrmén's model. Bearman [1967] evaluated the Kronauer criterion
through experiment and found that by combining wake parameters predicted by the model
with measured parameters a universal Strouhal number was determined that gave accurate

results for various bluff bodies.

More recent analysis of the stability characteristics of the bluff body wake involve
the introduction of a complex disturbance stream function to the governing equations which
are then linearized. The Rayleigh and Orr-Sommerfeld equations represent the result of that

procedure for inviscid and viscous formulations respectively. The flow's response to a




finite disturbance can be categorized as either stable, convectively unstable, or absolutely
unstable modes. If a disturbance introduced into the flow decreases in amplitude with
respect to both time and space the flow is considered stable, if it remains at its point of
origin and amplifies in time and space it is considered absolutely unstable and if it grows
with time but propagates away from its source it is convectively unstable. Bers [1983]
explained that once an absolute instability is excited it creates a permanent motion, limited
by the nonlinearities of the flow, whereas a convective instability requires a continuous
external excitation to support a permanent motion. Figure 1.5 from Oertel [1990] illustrates
the difference between absolute and convective instabilities in the bluff body wake. Ortel
demonstrated by numerical simulation the existence of a local absolutely unstable region in
bluff body wake close to the body. Further downstream, the instability is of the
convectively unstable type. Instability modes are called local when they only influence a
small region of the wake and global when their influence encompasses the majority of the

wake.

Triantafyllou et al. {1987] investigated the inviscid stability characteristics of the
cylinder wake. Their results indicate that an absolute instability exists in the profiles
immediately behind a cylinder causes permanent motion once excited and drives the
subsequent sections which convect instability waves of diminishing growth rate. The short
region over which an absolute instability exists corresponds loosely to the formation region
observed experimentally. These bluff body wake stability characteristics are generally
accepted although the existence of the absolutely unstable region of the wake is yet to be

shown experimentally.
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Figure 1.5. Sketch of local wake-instability properties. From Oertel {1990].

Monkewitz and Nguyen [1987] and Triantafyllou et al. [1986] solved the Orr-Sommerfeld
equation for various wake profiles predicting with good accuracy the shedding frequency.
Evidence from investigations by Provansal et al.[1987] produced by impulsively increasing
the Reynolds number from subcritical to supercritical regimes indicates that the initial linear
temporal growth rate of the transient is the same everywhere in the wake and not
significantly different from the Karmdn shedding frequency in the final saturated state.
They propose that the Kérmdn vortex street is a result of a self-excited oscillation of the
wake and not a spatial response to continuously supplied upstream disturbances. Chomaz
et al. [1988] found that absolute instability is necessary but not sufficient for a global mode
to become self-excited. Also, for a given flow, local absolute instability must reach a finite
critical size. Therefore, the first appearance of local absolute instability in a transient bluff

body wake is not expected to produce any discernible effect.

11




The stability characteristics of the shear layer have also attracted a significant
amount of attention. From a stability point of view, the primary difference between a shear
layer and a wake is that the shear layer contains vorticity of predominantly one sign while
the wake contains vorticity of both signs. Brown and Roshko [1974] hypothesized that the
asymptotic state of a wake is therefore 3-dimensional, while the asymptotic state of the
shear layer is 2-dimensional. Experiments by Breidenthal [1980] confirmed that
hypothesis. Bloor [1964], Unal and Rockwell [1988] and Kourta et al. [1987] have
produced experimental evidence suggesting a possible coupling between the frequency of
the Kdrmén vortices in the wake and that of the shear layer transition vortices. Linearized
stability analysis has been successful in predicting the stability characteristics of the mixing
layer, see Thomas [1991], which bears a strong resemblance to the bluff body shear layer.
Due to those similérities, the methods developed to study mixing layers have proven useful
when applied to the bluff body shear layer. For clarity and convenience, additional review
and a description of the linearized stability theory for the shear layer is contained in Chapter

8, which is devoted to that subject.

1.4 Splitter plates

Roshko [1953] found that a splitter plate of length 5D placed behind a cylinder of
diameter D at Re = 7500, was completely effective in destabilizing the periodic shedding.
He deduced that communication between the two shear layers must be an integral part of
the periodic shedding process. Further, Roshko [1955] suggests that with a splitter plate
the shear layers cannot 'see’ each other in the region where they tend to roll-up so there is
no stabilizing mechanism to fix a periodically alternating vortex formation. In addition,
Roshko used a splitter plate of 1.14 D that was placed so that there was a gap between the
cylinder and the plate. He found that although the plate was too short to shield the shear
layers from each other, it did interfere with the vortex formation. As the gap was increased

the shedding frequency decreased appreciably. When the trailing edge of the plate moved

12




beyond 4 D, there was an abrupt increase in the shedding frequency which approached the
undisturbed value. Roshko concluded that beyond that critical length the plate no longer
interfered with the normal vortex development. The use of splitter plates also allowed
Roshko to examine the relationships between various wake parameters. Some of his

observations are summarized below.

For a given cylinder,
a) A decrease in drag is accompanied by a decrease in shedding frequency.
b) Shedding frequency decreases when wake width increases.
c) Decrease in drag is accompanied by an increase in wake width.
d) An increase in wake width results in a decrease in wake velocities and a net

decrease in wake energy.

Roshko also found that the splitter plate had an extremely strong influence on the drag of

the cylinder and observed a reduction in some cases of up to 36%.

Gerrard [1966] investigated the effect of base mounted splitter plates on the wake of
a circular cylinder at Re = 20,000. He found that increasing the length of a splitter plate
resulted in a progressive decrease in the shedding frequency up to the length, /D = 1.0.
Beyond £/D = 1.0, the opposite trend occurred. Some of the results of Gerrard's study are

presented in Figure 1.6.
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Figure 1.6. Variation in Strouhal number with respect to splitter plate length. From
Gerrard [1966].

Gerrard's results demonstrated the fundamental importance of the flow in the interior of the

formation region in determining the shedding frequency. He suggested that a decrease in

the wake width facilitates the interaction between the two shear layers increasing the
shedding frequency. An increase in the formation length however, results in more
entrainment by the shear layer and therefore a weaker forming vortex, decreasing the
interaction and reducing the shedding frequency. Furthermore, a thicker, more diffused
shear layer will require a étronger concentration of circulation to draw it across the wake to
initiate shedding. That should result in a decrease in shedding frequency although its
reduced entrainment will produce a stronger forming vortex. Unfortunately, it is
impossible to isolate any one of those effects from the others. It is likely that in many
instances two competing effects will occur and cancel out, leaving the shedding frequency

unaltered.

Apelt et al. [1973] investigated the effect of splitter plates on the near wake of a

circular cylinder at Re = 10,000 - 50,000. They found a variation in Strouhal number with
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Reynolds number similar to that observed by Gerrard [1966] with the exception of an initial
increase in shedding frequency with plates less than £/D = 0.25. Between £/D = 0.25 and
2/D = 1.0 the Strouhal number, drag coefficient, and base suction all decreased, attaining
minimum values at £/D = 1.0. The authors suggested that a distinction should be made
between 'short' and 'long' plates with the division made at £/D = 1.0. Beyond ¢//D = 1.0
all three parameters demonstrated an increase up to £/D = 2.0 which was the longest plate

used in the study.

A distinction must be made to avoid confusion or the appearance of contradiction
regarding the effect a splitter plate has on wake width. Apelt et al. found that for even very
short plates, the wake width decreased substantially. However, Roshko [1954] observed
that for a given cyiinder, a decrease in drag was accompanied by an increase in wake
width, which implies that the splitter plate increased the wake width. The conclusions of
both investigations are correct base on their respective definitions of wake width. Roshko
determined the wake width from the free streamline theory which is a idealized model based
on time average values of the base pressure and does not account for unsteady wake
dynamics. For the drag to decrease, there must be a corresponding increase in base
pressure which, in the idealized model, causes in the distance between the shear layers to
increase. Apelt et al. [1973] base their wake width on time averaged mean and RMS
velocity profiles of the wake. The time average measurements indicate a relatively wide
wake for the plain cylinder configuration due to the shear layer oscillation. The splitter
plate suppressed of the shear layer oscillation and, from a time average point of view, the
wake width was significantly decreased. To summarize, suppression of the shear layer
oscillations reduce the time average wake width, however the instantaneous wake width
may increase due to the splitter plates effect of the base pressure. Apelt et al. concluded
that the action of the splitéer plate was to stabilize the separation points proéressively, and

reduce the wake width with increasing plate length. The wake envelope was evaluated
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using mean velocity measurements and flow visualization. The results indicated that short
plates produce a rather simple shaped wake envelope whereas long plates produce an

envelope defined by the double curvature in the shear layer, see Figure 1.7.

() (h

Figure 1.7. Wake envelope from flow visualization film, (a) ‘short’ plate, (b) 'long' plate

(c) effect of movement of separation points. From Apelt et. al. [1973].

The author's suggested that the double curvature was due to the vortex forming before the
end of the plate for ¢/D > 1.0 then, rolling over the trailing edge and convecting away with
the flow. At longer plate lengths, the plate prevents the vortex from crossing the centerline
altogether. That range corresponds to a progressive increase in the shedding frequency
with increasing #/D. For the long plates the shedding was slightly more irregular although
the region near the cylinder was much more steady. In Part 2 of the paper, Apelt and West
[1975], investigate the effects of long splitter plates, 2 < £/D <7, on the bluff body flow.
They observed that the drag and vortex shedding were progressively modified up to ¢/D =
5. Beyond ¢/D =5 there was no further change, C4 remained constant at 0.8 and vortex
shedding was essentially eliminated. Results from their investigation of three different
bluff bodies show the variation in Strouhal number as a function of splitter plate length in

Figure 1.8.
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Figure 1.8. Variation in Strouhal number with ¢/D. From Apelt and West [1975].

Unal and Rockwell [1987] investigated the vortex formation behind a circular
cylinder with a splitter plate positioned so there was a gap between the trailing edge of the
cylinder and the leading edge of the plate, similar to Roshko's [1955] configuration. The
author's observed that when the large scale vortex formation was precluded by the edge of
the plate, unstable disturbance growth at the Kdrmén frequency remained in the shear layer.
They concluded that the effect of the intrusion of the leading edge of the plate into the
formation region was to inhibit the formation of the Kdrmén vortices rather than to preclude
the onset of the initial instability immediately downstream of the shear layer separation. As
the plate was moved very close to the cylinder, impeding the large scale vortex formation
the small scale shear layer transition vortices remained present. That suggested that the

region of the shear layer immediately downstream of separation supports amplification of
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the disturbance leading to the formation of the transition vortices and not Biot-Savart .

induction.

Bearman [1965] investigated the effect of splitter plates on the blunt trailing edge
bluff body. He found that an increase in formation length caused by the splitter plate
resulted in a decrease in the base drag. This also accompanied a reduction in the vortex

strength consistent with Gerrard's [1966] observations.

1.5 Three-dimensional effects and end conditions

In recent years, the 3-dimensional aspects of the bluff body problem have received
increased attention. Some of the failures of earlier analytic and numerical modeling in the
prediction of separation point and drag have been traced to the 2-dimensional treatment of
the problem. The formulations could be justified, in part because the flows they were

modeling were nominally 2-dimensional. There the term 'nominal’ is used to reflect the

fact that from a time average point of view the flow is 2-dimensional or, in other words, the
statistical averages of the flow parameters and their derivatives are zero in the spanwise
direction. More recent experimental investigations have found that the bluff body wake is

significantly more 3-dimensional than previously thought.

Roshko [1953] found a discontinuity in the Strouhal number - Reynolds number
relation at approximately Re = 150. He described this as the transition point from a stable
range to an irregular range where turbulent fluctuations accompany the periodic formation
of vortices. Williamson [1989] found that the discontinuity was actually due to a transition
from one oblique shedding mode to another oblique mode. By application of the formula,
So = Sg/cosB, where S, is a universal Strouhal number, Sg is the measured Strouhal

number and 6 is the oblique shedding angle, Williamson was able to eliminate the

discontinuity from the S, - Re curve. Konig et al. [1990] showed that the discontinuities in .
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the Strouhal number - Reynolds number relationship results from cells of different
frequencies moving along the cylinder span as the Reynolds number varies. The oblique
shedding modes were strongly influenced by the end boundary conditions. In some cases,
where the flow over the span matched the end conditions, a chevron pattern was observed
with symmetry about the center span. In the case where the flow could not match the end
conditions a vortex discontinuity formed, resulting in spanwise cells of different frequency.
Through flow visualization, Konig et al. [1992] found that when the oblique shedding
angle varied across the span cells with different shedding frequency were produced.
Application of Williamson's cosine law to the individual cells resulted in a constant
Strouhal number across the span. Aspect ratio was also found to effect the spanwise
shedding characteristics. Figure 1.9 shows the effect of aspect ratio on the cell
arrangement and power spectra from a hot wire situated at the center of the span. The
results indicate that the shedding frequency discontinuity between cells appears as side-
band modulation in the power spectrum and its energy depends on the proximity of the

sensor to the cell boundary.

Williamson [1989] also observed that through proper manipulation of the end
plates, or by the use of base suction, parallel shedding could be accomplished. Others
found a similar dependence of the oblique and parallel modes on the cylinder end
conditions. Hammache and Gharib [1989] found that by placing control cylinders near the
ends of the span, oriented perpendicular to the cylinder axis, they were able to attain
parallel shedding. Eisenlohr and Eckelmann [1989] achieved parallel shedding by the use
of end cylinders of slightly larger diameter than the primary cylinder. All of these studies
confirm the significance of end conditions in determining the degree of 3-dimensionality in

the wake.
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Figure 1.9. Effect of variation of aspect ratio on the spectra of the wake velocity

fluctuations, and the cell arrangement along the span at Re = 101. From Williamson

[1989].

Stansby [1974] for 16,000 < Re < 80,000, found, based on pressure
measurements, that suitably designed end plates remove the tunnel wall effects and increase
the degree of 2-dimensionality in the flow. Szepessy and Bearman [1992] investigated the
optimal design of end plates for 4,000 < Re < 48,000. He concluded that a trailing edge
distance from the cylinder greater than 3.5 D and leading edge distance of greater than 1.5
D is sufficient to prevent outside flow disturbances from effecting the vortex shedding.
Eisenlohr and Eckelmann [1989] notice that for aspect ratios larger than 10, the shedding
frequency near the end plates was approximately 10% lower than at the central locations.

They attributed this decrease to an induced velocity, opposing the natural formation rate of
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the vortices, caused by the curving of the horseshoe vortex which is generated by the
interaction of the end plate boundary layer and the cylinder toward the center of the wake in
the near downstream region of the flow. Eisenlohr and Eckelmann suggest that since the
primary vortices cannot terminate in the fluid without violating the Helmholtz vortex laws,
they must connect to the vortical structure generated by the horseshoe vortex at the cylinder

ends. A conceptual view of this process is presented in Figure 1.10.

Figure 1.10. A perspective view of the horseshoe vortex, vortex street interaction. The
strong curvature of the vortex axis leads to an induced velocity field opposing the mean

stream. From Eisenlohr and Eckelmann [1989].

Two common phenomena associated with 3-dimensionality of the wake are vortex
splitting and vortex looping. Vortex splitting can be caused by a difference in shedding
frequency between neighboring spanwise cells. The higher frequency cell will produce
more vortices than its lower frequency neighbor and since the vortex lines cannot terminate
in the fluid, the extra vortex lines must be accommodated at the cell boundary. Figure 1.11
from Williamson [1989] shows a schematic of the vortex splitting process between two

different constant frequency cells.
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Figure 1.11. Idealized sketch of vortex splitting process. From Williamson [1989].

Vortex looping on the other hand, involves the linking of same sign vortices across the
wake centerline and usually fequires a higher degree of 3-dimensionality in the flow than
the vortex splitting process. The linking of vortex lines shown in Figure 1.10 is an
example of vortex looping. In general, vortex splitting accommodates the difference in
shedding frequency between adjacent cells, and vortex looping accommodates a difference

in the vortex strength in the adjacent cells.

Williamson [1991] used the term 'vortex dislocation' to identify the complex
linking of vortex lines between adjacent cells of different frequency when the primary
vortices in each cell move out of phase with each other. By placing a ring of slightly larger
diameter than the cylinder at mid-span, he was able to experimentally produce at the vortex
dislocations that are observed to occur naturally in bluff body wakes. The dislocations

grow downstream into large-scale, low frequency, A structures which are inherently

unstable and accompany the transition to 3-dimensionality. A flow visualization image of
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the dislocations is shown on the left in Figure 1.12 and a schematic of the evolution of the

dislocations is shown on the right.
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Figure x.12. Schematic of the evolution of dislocations, and their simplified

representation. From Williamson [1992].

The dislocations are called ‘two-sided' since they occur between two regions of constant
shedding frequency which may or may not be in-phase with each other. A flow
visualization image of the artificially produced vortex dislocations are shown in Figure
1.13. The image on the left (a) shows a transient (out-of-phase) two-sided dislocation. It
is the result of a transient phase relation between the two dislocations, because the
dislocation frequency on each side is different. The image on the right (b) shows the
preferred stable (in-phase) symmetric two-sided dislocation. This appears when the
dislocation frequency on each side of the ring is the same. Some of the prime
characteristics of a dislocation are its relatively fast spanwise growth, a rapid breakdown to

turbulence and a broad spectrum within several primary vortex wavelengths.
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Figure 1.13. Two-sided dislocations: transient (a) versus stable (b). From Williamson

[1992].

Breidenthal [1980] used a segmented, square wave, trailing edge splitter plate to
produce spanwise cells with alternating shear layer and wake flow characteristics. The
solid portion of the square wave had a sharp trailing edge that produced a local shear layer
flow, and the indentation portion had a blunt trailing edge which formed a local wake flow.
The shear layer regions rapidly formed the characteristic 2-dimensional vortex structures
whereas, the wake regions formed closed vortex loops. The results confirmed the Brown-
Roshko [1974] hypothesis which states that the asymptotic state for a shear layer
containing vorticity of one sign is 2-dimensional, and for a wake, which contains both

signs of vorticity, the asymptotic state is 3-dimensional. Figure 1.14 preserits a flow
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visualization image that shows the closed loop vortex structure found in the spanwise cells

corresponding to the wake positions.

Figure 1.14. Spanwise wake and shear layer interaction. From Breidenthal [1980].

Meiburg and Lasheras [1988] conducted experimental and numerical investigations
of the 3-dimensional transition in plane wakes. The 3-dimensionality was imposed using a
transverse disturbance (corrugated splitter plate) or streamwise disturbance (sinuous trailing
edge splitter plate) in the experiments and a periodic, transverse or streamwise, perturbation
in the numerical model. Although their results were at a much lower Reynolds number
than Breidenthal [1980], they observed a very similar structure of closed vortex loops
aligned in the streamwise direction and suggested that the mechanisms causing the
structures must be the same as at the higher Reynolds number. Spanwise A-structures
similar to those described by Williamson [1989] were formed by the interaction of
streamwise vorticity generated by the perturbations and the primary vortices. Figure 1.15

shows those structures in a comparison of the numerical and experimental results.
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Figure 1.15. Numerical (left), and experimental wake visualization showing spanwise

structures. From Meiburg and Lasheras [1988].

Petrusma and Gai [199x] investigated a segmented blunt trailing edge airfoil through low
Reynolds number flow visualization with a laminar wake and measurements of Reynolds
shear stresses in the turbulent wake. It was shown that the basic flow topology was
consistent between the laminar (Breidenthal [1980]) and turbulent 3-dimensional wake.
Rodriguez [1991] investigated the effect of a 3-D trailing edge consisting of alternate
segments of blunt base and spanwise cavity on an airfoil type body. The results show a
reduction in profile drag of more that 40% is possible by an optimization of trailing edge
shape. The efficiency of the device was shown to be directly related to the presence of

longitudinal vortices that formed at the discontinuities in the trailing edge.

Tombazis [1993] investigated the effects of 3-dimensional disturbances on the near
wakes of D-shaped bluff bodies. He suggested that a convenient way of categorizing 3-
dimensionality in flows was; mild, such as the oblique shedding typical in the laminar
regime, strﬁg; identified by the presence of vortex splitting and looping, smaller scale,
such as occurs in the shear layers, and small scale, defined as turbulence. In Tombazis'
investigation, a sinusoidal trailing edge on the D-shaped body was used to produced a

periodic spanwise variation of the separation points. Spectral analysis indicated a dual
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vortex shedding characteristic with the higher frequency existing at the valley and a
coexistence of both frequencies at the peak. It could not be determined whether each one of
the main two peaks in the power spectrum necessarily reflected the frequency of the vortex
shedding. It could be possible that one of the peaks reflected induced velocities from a
spanwise position some distance away and not the fluctuations of vorticity flux which
accompanies vortex shedding. Furthermore, the two peaks could be produced from the
sum effect of two modes occurring simultaneously, or two modes that occur independently
at different times over the sample period. Tombazis explained that the reason for the
existence of more than one shedding frequency could be traced to the tendency for the
Karman vortices to straighten out as they convect downstream. That meant that the
formation length at the valley would be larger than at the peak. The increased entrainment
by the longer shear layer would result in a reduced strength in the forming vortex and a

reduced shedding frequency compared to the frequency of the cells formed near the peaks.

Flow visualization by Tombazis indicated that vortex splitting would occur
regularly in the region of the peak. Water tunnel experiments indicated that two
neighboring cells could experience in phase (symmetric mode) or out of phase (3-cell anti-
symmetric mode) vortex shedding as shown in Figure 1.16. In both modes, a cell of lower
frequency is situated in the region of the peak and dislocations occur on either side. These
dislocations occur at a frequency equal to the difference between the two vortex shedding
frequencies. A 2-cell anti-symmetric mode and an oblique shedding mode were also found
in some of the water tunnel experiments although there was no evidence of their existence
in the wind tunnel experiments. The flow visualization also indicated small streamwise
vortices that linked the successive Kérman vortices in a fashion similar to that described by

Meiburg and Lasheras [1988].
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Figure 1.16. Schematic representation of various shedding modes. From Tombazis

[1993].

Pearson and Szewczyk [1992] investigated the effect of 2-dimensional (straight

trailing edge) and 3-dimensional (sinuous trailing edge) splitter plates on the circular
cylinder bluff body. The results indicated that the wake produced by the sinuous trailing
edge splitter plate differed for the straight splitter plate case. The introduction of a sinuous
trailing edge splitter plate affects the base pressure along the span of the cylinder. As the
base pressure increases, the vortex formation region is extended and the width of the wake
decreases. Vortex shedding is altered, the drag force is reduced, and the base pressure is
modified to produce spanwise cross-flow between the valleys and the peaks. Spanwise
frequency variation, as well as the presence of two shedding frequencigs at the location of a
peak in the periodic splitter plate were observed. Based on these experimental

measurements and flow visualization, the existence of vortex dislocations was also noted.

Borg and Szewczyk [1992] investigated the unsteady base pressure on a cylinder

with a sinuous trailing edge splitter plate. Spanwise comparison of the base pressure
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fluctuations showed strong correlation with the vortex shedding except for intermittent
instances where the signals experienced a 90° phase shift. Correlation between the
fluctuations on the stagnation line and the base region indicated that they were always in-
phase.

Figure 1.17 contains data extracted from Borg [1992], showing that the base
pressure fluctuation intensity is reduced substantially by the splitter plate and that its
variation with #/D is remarkably similar to that of the base pressure parameter and drag
coefficient. Time average and instantaneaous pressure measurements by Rooney and
Peltzer [1981] around the circumference of a circular cylinder also indicate good correlation
between RMS pressure fluctuation intensity and mean pressure coefficient. Regions on the
cylinder surface where with the highest suction, (near 6 = 30° and 270°) also experienced
the highest fluctuation intensity. These results suggest a direct relationship between bluff

body drag reduction and suppression of the base pressure fluctuations.
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Figure 1.17. Variation in the RMS value of the base pressure fluctuations versus splitter

plate length. Extracted from Borg [1992].
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1.6 Tapered cylinders ‘

The flow past a tapered cylinder introduces a spanwise variation in the local length
scale of the bluff .body problem. Slight variations in the spanwise scales can be accounted
for in airfoils and other streamlined bodies using a simple strip theory. The bluff body
however, includes large regions of separated flow and inherent unsteadiness that invalidate
the strip theory approach. Gaster [1969] investigated the tapered cylinder flow at low
Reynolds numbers and found that the vortex wake structure exists in a number of discrete
spanwise cells having different shedding frequencies. The shedding frequency along a
slightly tapered model adjusted so that it remained roughly compatible with the local length
scales. When based on local diameter the Strouhal number remained near the 2-
dimensional value of 0.20. The mean frequency in each cell depended on the local diameter
and within each cell the shedding was regular and periodic. In a later study, Gaster
[1971a] observed that there was a jump in frequency from one cell to its neighbor and a

corresponding modulation of the flow at a frequency equal to the difference in the

frequencies of the two cells.

At higher Reynolds numbers, 5,000 < Re < 50,000, Gaster [1971b] observed that
the signal generated by a hot wire in the flow past a straight cylinder was almost periodic
while the tapered cylinder signals indicated increasing amounts of low frequency content
and randomness as the taper increases. Compared to the straight cylinder at a similar
Reynolds number, the taper substantially reduced the sectional drag coefficients by up to
20% and produced significant spectral broadening. Gaster suggested that the spectral
broadening was essential if the vortices were to maintain any spanwise coherence.
Correlation measurements indicated that the vortices shed at an oblique angle, with the
point of detachment or formation traveling towards the larger diameter and lower frequency
end. This pattern was convected downstream resulting in vortices that were slightly |

inclined to the cylinder axis.
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Piccirillo and Van Atta [1992] investigated tapered cylinders in the laminar vortex
shedding regime. They found that although the spanwise cells varied slightly in size, the
mean size of the cells scaled well with taper ratio. The more tapered cylinders indicated a
'leaky’ cell structure in which non-adjacent cells had a stronger influence over each other.
However, the less tapered cylinders had a 'tight' cell structure in which only adjacent cells
affected one another. Papangelou [1992] investigated the tapered cylinder at Reynolds
number on the order of 100. The results indicated that the frequency jump between
adjacent cells was constant along the cylinder's span and a function of air speed and taper
angle only. The presence of simultaneous amplitude and phase modulation in the time
signals was believed to be associated with the coupling between cells of different
frequency. Figure ll.18 presents experimental results showing the spanwise variation in
shedding frequency at low Reynolds number. The symbols indicate expreimental results
and the line indicates the predicted shedding frequency based on the local diameter

according to Roshko [1954].
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Figure 1.18. Experimental spanwise variation in shedding frequency from a tapered
cylinder in uniform flow at Reynolds number of approximately 100. From Papangelou

[1992].
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1.7 Shear flow

Another common 3-dimensional bluff body flow is the interaction of a 2-
dimensional cylinder with a mean shear freestream flow. These flows occur naturally in
atmospheric boundary layers and ocean currents. The primary difference between a
uniform flow and shear flow is the presence of vorticity normal to the plane of the shear
flow. Maull and Young [1973] noted that as the shear flow approaches the body, the
vorticity vector is bent toward the flow direction, forming longitudinal vortex filaments that
interact with the primary shedding vortex. In their experiments, conducted on straight
circular cylinders at a Reynolds number of 28,500 based on mid-span velocity, they
observed that the shedding breaks down into a number of spanwise cells of constant
shedding frequency. The division between the cells was thought to be marked by the
longitudinal vortex in the stream direction. Figure 1.19 shows the spanwise variation in

power spectra for the straight cylinder in shear flow.
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Figure 1.19. Spanwise variation it power spectrum for straight cylinder in shear flow.

From Maull and Young [1973].

32




One explanation that the authors gave for the constant frequency cells was that the flow
attempts to maintain a constant local Strouhal number, but that the coherence of the shed
vortices requires a constant frequency over certain lengths. The local Strouhal number
ranged between 0.24 and 0.27. The shear flow also altered the local base pressure
coefficient from the uniform flow configuration. The base pressure coefficient became
more negative with increasing shear velocity suggesting a base flow from high to low

velocity sides of the span.

Rooney and Peltzer [1981] investigated the effect of shear flow on the wake of a
circular cylinder in the transcritical Reynolds number regime. Their results indicated that
discrete cells of constant shedding frequency were formed but from the data measured, it
was impossible to determine a relationship between shear gradient and cell size. The
fluctuations in pressures on the surface of the cylinder were significantly higher in sheared
flow cases than for unsheared flow. Rooney and Peltzer [1982] concluded that any shear
in the upstream velocity profile will trigger a cellular vortex shedding pattern at critical
Reynolds numbers, with the cells becoming more distinct at higher shear levels further into
the critical regime. In addition, there was a decrease in cell length with increasing upstream
shear. Elsner [1982] further investigated the effects of shear flow on a rectangular cross
section bluff body. A significant difference between the rectangular and circular cross
section bluff body is that for the rectangle, the separation points are fixed at the trailing
edge whereas, for the circular cross section the separation points are allowed to adjust to
the flow characteristics. A spanwise structure of constant shedding frequency cells was
observed for the rectangular cross section which was similar to that observed for the

circular cylinder in shear flow.
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Woo et al. [1989] measured the influence of shear flow on a circular cylinder in the
Reynolds number range of 800 - 1,400. Their results indicated that for a constant
steepness factor, B = (dU/dz)(D/Uref), where U and U are the local and mid-span
velocities respectively, the Reynolds number had no significant effect on the Strouhal
number. However, the increase in Reynolds number produced a decrease in vortex
formation length, wake width, and base pressure coefficient. At a given Reynolds number,
increased steepness factor did not cause significant change in the formation length although
it resulted in an increase in wake width and decrease in base pressure and Strouhal number.
The entrainment rate was greater on the high velocity end of the cylinder which the authors

attributed to the higher local Reynolds number and therefore a more turbulent shear layer.

Griffin [1985] reviewed previous shear flow investigations and found some
common characteristics. The vortex shedding takes place in spanwise cells with the
shedding frequency constant in each cell. However, the number of cells, base pressure
and drag force was strongly dependent upon aspect ratio and end effects. When the shear
flow was highly turbulent (turbulent intensity greater than 5%) the critical Reynolds
number was reduced by a factor of 10. Finally, in some cases with large aspect ratios,

between 20 - 50, there was no discernible cell structure

1.8 Universal parameter

Dependent relationships between the various wake parameters indicate that there
may be some form of similarity between wake characteristics of different bluff bodies. For
instance Gerrard [1966] suggested that the size of the formation region is determined by a
balance between various entrainment flows. He observed that the length and separation of
the shear layers affected that balance which in turn, affected the rate at which vortices are
shed. If a functional relaiionship between various length, width, velocity, frequency,

and/or base pressure parameters remained constant for all bluff bodies, then similarity
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would exist and could be described by a universal parameter. A practiéal application of that
result would be to allow the prediction of the unsteady wake properties, drag, shedding
frequency, etc., from a minimum of empirical data. In a more fundamental sense, the
universal parameter's existence would provide significant insight into the mechanisms that

control the bluff body wake.

Researchers have proposed various parameters expected to maintain a constant
value for an arbitrary bluff body flow with varying degrees of success. The typical form of
the universal parameter is that of the Strouhal number and therefore, it is commonlyv
referred to as a universal Strouhal number. It generally consists of the shedding frequency,
f,, non-dimensionalized by the ratio of a characteristic length, L, and velocity scale, Ue.
The characteristic length is typically the wake width, d', and the characteristic velocity the
freestream value, Uy, or the shear layer velocity determined using Roshko's base pressure
parameter, Us = KUp. The various proposed universal parameters can be divided into two
categories depending on whether they are based on only empirical data, category 1, or
some combination of empirical data and an analytic model, category 2. The following
discussion represents a brief summary of some of the more well known universal

parameters.

There are three category 1 universal parameters discussed herein. They were
proposed by Fage and Johansen [1927], Simmons [1977}, and Griffin [1981]. Fage and
Johansen constructed their parameter using the freestream value for the velocity scale and
the outer spacing of the shear layers as the characteristic length. This resulted in a
parameter value of approximately 0.27 - 0.28 for a variety of bluff body shapes. For more
slender bluff bodies, such as an airfoil at moderate angle of attack, or an ogive, the
parameter was less reliable. Simmons [1977] took a similar approach, usiné the wake

width as the characteristic length, however, he chose the shear layer velocity as the
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characteristic velocity. The base pressure was measured and then the shear layer velocity
determined following Roshko's [1955] derived relationship between the base pressure
parameter, K, and the non-dimensional shear layer velocity, Ug/U,. The wake width was
defined as the distance between the maximum in the RMS of the velocity fluctuations in
each shear layer at a streamwise location corresponding to the minimum static pressure
measured along the wake centerline. This resulted in parameter values of approximately

0.16.

Griffin [1981] on the other hand proposed a parameter similar to Simmons, using
the shear layer velocity and a wake width determined by the maximum RMS fluctuation
intensity points in each shear layer. A different streamwise location for the wake width
measurement was used though which was defined by the end of the formation region. The
methods described above produce relatively constant values for certain bluff body shapes
but broke down in cases of the more slender bluff bodies, and where the base pressure was

altered through base bleed or by the incorporation of splitter plates.

Category 2 use a combination of empirical measurements along with idealized
potential flow model predictions to produce a universal parameter. Roshko [1955]
combined the measured shedding frequency and base pressure parameter with the wake
width determined by using his modified free-streamline theory or, notched hodograph
method. In the method, the flow is mapped into the hodograph plane through use of a
complex potential function. The free streamlines representing the wake boundary map into
a circle. A notch in the circle accounts for the difference in velocity between the freestream
and the shear layer. The notched hodograph method was relatively successful in predicting
the drag of bluff bodies although it relied on a measured base pressure to account for the
difference between the shear layer‘and freestream velocity. By incorporating characteristic

length and base pressure measurements in the notched hodograph method the wake width
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used in Roshko's universal parameter was calculated. This method produced a universal

parameter with a value of approximately 0.16 for a variety of bluff body shapes.

Bearman [1967] combined the measured shedding frequency and base pressure
parameter with a calculated wake width. The wake width calculation was based on the von
Kérman idealized potential flow model which predicts the wake drag of a bluff body.
Combining the von Kdrmén model with the Kronauer [1964] stability criterion and
Roshko's base pressure relation, three equations were obtained that could be solved
simultaneously using the measured values of drag coefficient and Strouhal number. The
solution predicted the transverse vortex spacing that was used as the characteristic length in
Bearman's universal parameter. This method produced good collapse of the data to a value
of approximately 0.18 however, its ability to predict the shedding frequency from
measured values was not as reliable as some of the previously described methods. Table

1.1 summarizes the universal investigations described above.

method freq., fs characteristic vel.,U. | characteristic length, Lc

Strouhal measured Upm, measured D, measured

Fage and |measured | Up, measured d', measured outer extent of shear layers.
Johansen

Griffin measured Us=KUy,, measured | d', measured at min. static pressure x/D.

Simmons | measured |Ug=KUp, measured | d', measured at end of formation region.

Roshko measured | Us=KUp,, measured | d', calculated with notched hodograph.

Bearman measured Us=KUy,, measured | d', calculated with von Kérmén inviscid

model and Kronauer stability criterion.

Table 1.1. Summary of universal parameter methods.
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A common limitation of between the category 2 parameters is that they assume 2-
dimensional flow in their idealized models. The category 1 parameters however, directly
account for the 3-dimensional effects in the flow though the use of actual wake
measurements. Both methods seem to break down though, when the near wake is

modified by the use of a splitter plate.

1.9 Introduction to the present study

The current investigation is primarily experimental and focused on the near wake
region of the circular cylinder bluff body in the subcritical Reynolds number regime. The
experiments and analysis are separated into three major areas pertaihing to uniform flow,
mean shear approach flow, and shear layer characteristics. The investigation included
both, 2 and 3-dirneﬁsional flow configurations. The 2-dimensional configuration was
defined by a straight circular cylinder in uniform flow with a straight trailing edge splitter
plate that could be varied in length. Those experiments were similar to the experiments
conducted by Roshko [1955], Gerrard [1966], and Apelt et al. [1973]. The 3-dimensional
configurations are defined by the use of a sinuous trailing edge on the splitter plate,
cylinder taper, or mean shear flow. Hot wire anemometer and mean pressure
measurements were performed to determine wake characteristics that included, base
pressure, drag, shedding frequency, formation length, and wake width. These
measurements were conducted in a low turbulence wind tunnel at Reynolds number of
20,000 - 40,000. Wind tunnel and water tunnel experiments were conducted and
compared to the hot wire and pressure measurements. The water tunnel flow visualization
experiments were conducted at Reynolds number of 4,700 - 7,500. A comprehensive set
of wake parameters was generated from the experiments that allowed the dependent
relationships between the various parameters to be investigated. The usefulness of this
parameter set should not be underestimated, it provides, perhaps for the first time, a set of

base pressure, wake width, formation length, shear layer velocity, and shedding frequency
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measurements produced under consistent experimental and analysis conditions for a variety

of 2 and 3-dimensional bluff body flows.

1.10 Purpose of the investigation

The bluff body problem has been studied extensively over the past century and the
problem remains one of the more interesting and challenging in the field of fluid dynamics.
The advances have come slowly and with them, a variety of new challenges. Over the past
40 years or so, advances in the area of wake control have allowed safer and more efficient
designs for buildings, smoke stacks, dock pilings, drilling platforms, etc., which have
justified the research efforts. The more recent investigations have determined the
importance of 3-dimensionality in the processes that determine the wake characteristics.
Increased control of the 3-dimensionality in the wake can be exploited in applications
involving chemical and combustion mixing processes and heat transfer. Many of the these
advances have yet not found their way into the practical world but their potential is

promising.

The current investigation hopes to add to the understanding of the 3-dimensional
aspects of the problem. Since flows are rarely 2-dimensional in nature, it is important to
study the way the wake parameters interact under controlled, 3-dimensional circumstances.
A significant difference between the current investigation and many of the other 3-
dimensional type investigations is that the current work focuses on the subcritical regime
while most others are performed in the laminar shedding regime. Data in the subcritical
regime will be required for comparison and validation of numerical models that, due to
increase computing power, are beginning to accommodate the higher Reynolds number
flows. Similarities in the 3-dimensional characteristics between the laminar and subcritical
regimes were also examined. Finally, it is hoped that the current investigaiion will provide

useful data and ideas to other researchers in the bluff body field.
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CHAPTER 2. EQUIPMENT

2.1 Wind Tunnels

Two subsonic wind tunnels, located at the Hessert Center for Aerospace
Engineering at the University of Notre Dame were used for this research. T“he smaller of
the two, a 2 ft. x 2 ft. x 6 ft. test section, indraft tunnel is shown in the schematic in Figure
2.1. This tunnel has a inlet contraction ratio of 20.6:1 with 12 anti-turbulence screens.
The flow was driven by a eight-bladed fan connected to a 18.6 kW AC induction motor.
To minimize vibrations, the motor was located on an isolated concrete floor in an adjoining

room with a foam vibration insulator between the test section and the diffuser.
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Figure 2.1. Schematic of the Subsonic Wind Tunnel located at the Hessert Center for

Aerospace Research, University of Notre Dame
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Speed capability of this tunnel ranged from 10 ft/s to 100 ft/s with most of the
experiments run at a mean tunnel velocity of 36 ft/s. The turbulence intensity at this

velocity was below 0.05%.

Cylinder models were mounted horizontally in a removable test section 6.0 feet
long with a 2.0 ft. cross section. One side of the test section was constructed of glass to
provide viewing access. A digitally controlled, three degree-of-freedom traverse
mechanism was attached to the top of the test section. The traverse system was originally
designed and used by Payne [1987] and had an overall probe positioning accuracy of %1
mm in the streamwise and spanwise directions and +0.1 mm in the transverse direction.
Another test section measuring 2 ft. x 2 ft. x 8 ft. with windows on the top, bottom and

one side was used for the flow visualization experiments described in Chapter 7.

A mean shear velocity profile could be generated in the tunnel by placing a curved,
uniform screen, originally used by Fiscina [1977], upstream of the test section. The shape
of the shear screen was determined using the method of Elder [1959]. A linear shear flow
was produced with a velocity gradient, dU/dz = 6.2 sec! and turbulence intensity level of

approximately 0.2%.
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Figure 2.2. Schematic of atmospheric wind tunnel located in the Hessert Center for

Aerospace Research at the University of Notre Dame.

A larger atmospheric wind tunnel, shown in Figure 2.2, was also used in this
research. This wind tunnel was an indraft, open circuit type with an inlet contraction ratio
of 3.24 : 1 and 5 x 5 x 36 ft. rectangular test section. A 30 HP, 3-phase induction motor
powered a 73 inch diameter centrifugal fan to produce flow velocities from 10 - 40 ft/s with

a turbulence intensity of 0.5% at the model location.
2.2 Models

|

|

|

\

\

i

The straight cylinder mode] used iﬁ the 2 ft. x 2 ft. tunnel was constructed from 2.0
; inch outside diameter (OD), aluminum pipe with a 0.5 inch wall thickness and length of
approximately 30 inches. A slot 1/16 inch wide and 1/8 inch deep was machined along the
% span to provide a mount for the splitter plates. A spanwise series of 15, 1/8" holes were

\

machined into the cylinder, spaced 1.0 inches apart, to provide access for base pressure

measurements. The ports were offset by 10° from the base to avoid interference with the
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splitter plate. Tygon tubing of 1/16 inch inside diameter (ID), was inserted through the 15
holes and then out the end of the cylinder and cut flush with the cylinder surface to produce
mean pressure measurement ports. Two tapered cylinder models with different taper
ratios, dD/dL = 0.031 and 0.042 were also produced. The cylinder with the higher taper
ratio was constructed from 2.0 inch diameter solid aluminum rod and did not contain base
pressure ports. The model had a minimum diameter of 1.0 inches at one cylinder end that
increased linearly to a maximum diameter of 2.0 inches over a span of 24.0 inches. The
model with the smaller taper, dD/dL = 0.031, was machined from 2.0 inch OD aluminum
pipe with a 015 inch wall thickness. The linear taper extended from a minimum diameter of
1.25 inches at one end, to a maximum diameter of 2.0 inches over a 24.0 inch span.
Fifteen base pressure ports were mounted on the dD/dL = 0.031 model, spaced 1.0 inch
apart, with the same dimensions and materials as those used on the straight cylinder model.

All three models were polished to a smooth surface finish.

The end plates used with the models were constructed from 0.25 inch thick
Plexiglas 11.5 inches long and 6.0 inches wide. The leading edge of the end plate was
rounded off with a radius of 3.0 inches. The inboard side of the leading edge was
chamfered to help eliminate flow separation on the end plate. A schematic of an end plate is
presented in Figure 2.3. The smaller diameter of the tapered cylinder was accommodated
by an insert that it into the 2.0 inch diameter hole in the end plate to effectively reduce the

hole diameter to the size required by the taper.
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Figure 2.3. Schematic of cylinder end plates.

Various splitter plates were constructed from 1/16 inch aluminum plate for use with
the straight cylinder model. Eleven, straight trailing edge, plates were used in the
experiments and ranged in length from ¢/D = 0.125 to 2.0. In addition, five sinuous
trailing edge splitter plates of A/D = 3.0 and £/D = 0.5 - 1.5, and two plates each of A/D =
1.5 and 6.0 with #/D = 0.625 and 1.0 were used. All the sinuous trailing edge splitter
plates had an amplitude, /D = 0.5. The blunt trailing edges of the splitter plates were not

sharpened or rounded off although they were filed and polished to remove edge

imperfections and roughness. A schematic of a sinuous trailing edge splitter plate with the

geometric parameter convention denoted is shown in Figure 2.4.

RN g

k

Figure 2.4. Schematic of sinuous trailing edge splitter plate with parameter convention.




Photographs of the straight and dD/dL = 0.031 taper models with end plates and a splitter

plate are shown in figures 2.5 a and 2.5 b.

(a) (b)

Figures 2.5. Photographs of cylinder models used in hot wire and mean pressure

measurements. a) Straight cylinder with end plates and periodic trailing edge splitter plate.

b) dD/dL = 0.031 tapered cylinder model with end plates.

A larger, 3.5 inch diameter straight cylinder model was used in the experiments
conducted in the atmospheric tunnel. The model was constructed of 3.5 inch OD aluminum
pipe with a 0.25 inch wall thickness and length of approximately 72 inches. A series of 1/8
inch diameter holes were drilled through the cylinder around the mid-span circumference.
The holes started 10° above the stagnation point and continued, past the stagnation point,
around the circumference spaced 10° apart, skipping the base point and ending 10° above
the base point. This configuration resulted in 20 holes around 200° of the circumference.
As with the smaller models, 1/16 inch ID Tygon tubing was inserted into the holes and cut
flush with the cylinder surface to create the pressure ports. The large diameter of the
cylinder was chosen to allow a mechanism to be inserted inside it that could slide a splitter
plate in and out of the cylinder, thereby providing infinite length adjustmeni capability for

the splitter plate. A schematic of the splitter plate adjustment mechanism is shown in
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Figure 2.6. The mechanism consisted of two steel shafts, for adjustment and tension, that

ran the length of the cylinder. The adjusting shaft had two pinion gears that were matched '
by gear racks attached to the splitter plate near both ends. Rotation of the adjusting shaft

resulted in radial movement of the splitter plate. The second, tension shaft was located

below the splitter plate between the adjusting shaft and the cylinder wall. Two bearings

were positioned on the shaft adjacent to, and below the rack. Transverse adjustment of the

tension shaft allowed pressure to be applied to the bottom of the plate to maintain contact

between the pinion gears and the racks. The adjusting shaft extended out through the end

cap of the model to allow adjustment of the splitter plate from outside the wind tunnel.

pinion gear

splitter plate

tension shaft
adjusting shaft
Figure 2.6. Schematic of splitter plate adjustment mechanism for 3.5" diameter

atmospheric tunnel model.

The end plates used on the large model had the same basic construction as the
smaller model end plates except they measured 23.0 inches long, 18.0 inches wide, 0.25
inches thick, and had a leading edge radius of 9.0 inches. The end plates had streamwise
slots cut in them that the splitter plla‘te could slide through. This design eliminated |

unwanted transverse movements in the splitter plate but still allowed spanwise adjustment ‘
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of the end plates for aspect ratio control. Three interchangeable splitter plates were
designed for the large cylinder from 1/8 inch aluminum plate. Two straight trailing edge
splitter plates were required to cover the desired length range resulting in a short plate
covering #/D = 0.00 to 0.82 and a longer plate for £/D =0.82t0 1.57. A sinuous trailing
edge splitter plate of A/D = 3.0, /D = 0.5, and an £/D range of 0.5 to 1.25 was also

_ constructed. The 1/8 inch thick plate allowed 1/16 inch ID brass tubes to be imbedded in
the surface of the sinuous trailing edge splitter plate to provide access for surface mean
pressure measurements. A series of 5 equally spaced pressure ports were manufactured
which spanned the distance between two peaks of the sinuous trailing edgel. The ports
were positioned 0.25 inches from the trailing edge of the splitter plate. An image of the 3.5
inch diameter cylinder model with a straight trailing edge splitter plate is presented in Figure

2.7.

Figure 2.7. Photograph of 3.5 inch diameter cylinder with adjustable splitter plate and end

plates attached.

2.3 Data‘Acquisition Equipment
Hot wire measurements were conducted using a Dantec 55PO01 single wire probe.

This probe had a tungsten wire sensor of 5 um diameter and 1.0 mm length and operated in

a constant temperature mode with an overheat ratio of 1.8. The analog signal from the hot
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wire was processed with a TSI Intelligent Flow Analyzer (IFA 100). The IFA 100 was
equipped with a TSI model 157 signal conditioner that provided 10 DC offset settings
between O - 9 volts, 27 possible gain settings between 1-900 and 49 possible low-pass
filter settings between 1 Hz - 500 kHz using a third-order, -18 dB/octave roll-off, Sallen-
Key type anti-alias filter. The unit included AC coupling capability with high pass filter
settings of 0.1, 3, and 10 Hz and filter roll-off of -6 dB/octave.

The gained and filtered analog signal from the IFA 100 was converted to a digital
format using either of two National Instruments A/D conversion boards. One, a AT-MIO-
16X, 16-bit board had a maximum sustained sample rate of 100 kHz with pretrigger and

posttrigger sampling capability. This board could scan up to 8 channels sequentially and

-~ was used in the 5 volt signal range. The other, a EISA-A2000, 12-bit board had a

maximum sustained sample rate of 1 MHz with programmable AC/DC coupling and
pretrigger and posttrigger capability. This board could sample 4 channels simultaneously

with a voltage range of £5.12 V.

The A/D conversion boards were controlled with LabVIEW software installed on a
Macintosh IIfx computer with 5 Mb RAM. LabVIEW is a software language that provides
graphical representations of virtual instruments that can be ‘wired' together in much the
same manner as their hardware counterparts. The software package provides a large
quantity of pre-coded virtual instruments such as fast-Fourier transforms (FFT's), digital
filters, statistical analysis tools, etc. that can be combined in various configurations to
custom design a data acquisition and processing system. To ensure proper operation, all
pre-coded func;tions used in the experiments were validated using input/output relationships
from a signal generator or known analytic functions. The LabVIEW programs were also
used to control the probe traverse system through the use of digital I/O ports on the A/D

boards. That feature allowed the design of automated data acquisition and processing
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systems that were capable of traversing the wake of the cylinder and storing, not only the
raw data but also processed data such as mean velocities, RMS of velocity fluctuations, and
power spectrum representations for each traverse point. The LabVIEW programs greatly
increased the efficiency of data acquisition and analysis over previous methods. Also,
LabVIEW's ability to process and display the data in real time made it possible to detect

errors as they occurred so they could be corrected without significant time loss.

Differential pressure measurements from the pitot-static tube and mean pressure
ports were made through the use of Setra Systems model 339B electronic manometers with
a range of -0.5 to 0.5 in.HO and an analog signal output range of -5 to 5 volts. The
electronic manometers were calibrated against a Betz model 2500 micro-manometer with a
range of -50 to 2500 Pa and resolution of +0.1 Pa. The analog output from the Setra
manometer was digitized by an A/D conversion board and processed by the LabVIEW

computer program.

A 48 channel Scanivalve and solenoid controller model CTLR2P/S2-S6 was used
in conjunction with the electronic manometers to obtain the mean differential pressure
measurements from the various surface pressure ports. Controlled through LabVIEW
software and an A/D board, the Scanivalve was able to connect any of up to 48 pressure

ports to the electronic manometer automatically.

2.4 Signal analysis methods

Most of the digital signal analysis was performed using LabVIEW software
programs which contained the various pre-coded analysis subroutines or, virtual
instruments. These subroutines were verified in various ways. For example, the
LabVIEW FFT routine was checked by having it process a digital represent;;xtion of an

analytic Sine function. The result was compared with the output produced from a simple
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FORTRAN DFT code using an identical function. In addition, the subroutine was checked
by sampling a real, analog Sine wave of known frequency produced by a function
generator and verified by an oscilloscope. All the subroutines used in the analysis of the

experimental data have been verified in a similar manner.

Mean and RMS or, root mean square, statistical values of a time varying signal
were important not only in the direct measurement of wake parameters, but also in the
initial calibration of the hot wire and validation of the wind tunnel flow characteristics. The
term 'mean’ will be used imply the arithmetic mean of a set of N values x1, X2, X3,....XN

denoted by the upper case X, and defined by,

Mz

1
X==Y1x 2.1)
N 1

i

The RMS value of a set of N values will be denoted by a subscript, lower case character,

Xrms. and imply use of the quadratic mean defined by,

Xpms = sz? (2.2)

In many cases an ensemble average was used and will be defined as the mean value of a set
of mean or RMS values. The ensemble averaging technique was used as an efficient
method of obtaining a very long time average of a signal without requiring storage of the

total number of values in the computer memory at any one time.

The use of a fast Fourier transform allowed the major frequency components of a

periodic signal to be analyzed. The Fourier transform is defined as,
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X(f)= [x(t)e 2 gt (2.3)

-—O00

In order to implement this formula on a digital, finite signal the discrete Fourier transform

(DFT) is introduced,

N1 |
X, = X(KAF) = X(fi) = 3 xpe 2n/Npy (2.4)
n=0

The smallest frequency difference that can be resolved or, sampling resolution of this

formula is Af = f/N. Since N = £T, it follows that the frequency resolution only depends

upon the sample period, T,

&fs = (2.5)

1
T

To increase computational efficiency of the calculation of the Fourier coefficients,
LabVIEW implements a fast Fourier transform (FFT) routine based on the Split-Radix
algorithm, National Instruments [1990].

The average power spectrum used in LabVIEW is defined as,
2
Se(fi) =X (F)X(f) = [X(fi) (2.6)

where, X*(f) is the complex conjugate of X(f). Depending on the reference, the exact
definition of the DFT and therefore, the FFT and power spectrum will vary. The various
methods usually only vary by a scaling constant though and the differences only effect the

magnitude of the Fourier coefficients. As an example the average power spectrum method
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implemented in the LabVIEW algorithm differs from the two-sided autospectral density .

function defined by Bendat and Piersol [1986] by a factor equal to the sample period.
Since in the present study the magnitude of a frequency peak was only evaluated in terms
of a difference relative to some other peak, and all results are based on the same algorithm,
the differences between various DFT definitions have no significant effect on the results.
As a consequence, arbitrary scales were used for the presentation of all power spectrum

data in this study.

FFT routines work on an assumption that the discrete time sample contains an
integer number of periods and, to model it as an infinite time sén'es, the routine essentially
lines up copies of the time series end to end. Since real samples do not contain an integer
number of periods, sharp discontinuities form where the ends of the series join and give
rise to spectral leakage. To reduce the amount of spectral leakage a smoothing window

function was applied to the digital time series. The Hanning window was chosen for the

present study although there are many window functions available that effectively

accomplish the same task. The Hanning function is defined by,

w, = 0.5(1 - COS(%)) for0<n<N-1 2.7
This function reduces to zero at the ends and therefore minimizes the transition edges of the
sampled signal to reduce leakage. Applying the Hanning window also results in a loss of
power compared to a non-windowed formula. The total loss in power is proportional to
the ratio of the area of the window to that of a rectangular window (no window function).
For the Hanning window that ratio turn out to be 0.5 so, to recover the power loss due to
the window function the DFT is multiplied by 2.0. The form of the DFT then, after

including the window function and the power loss factor is,
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N-1 )
X(fr)=2.0 Y wyxpe 2Ny (2.8)
n=0

Cross-correlation analysis was used in the hot wire experiments to determine vortex
convection velocities. This is explained by considering two periodic, zero-mean signals,
x(t) and y(t), with variances oy and Oy respectively, sampled over a time period T. The

cross-correlation coefficient is defined,

T4 .
> x(0)y(t+ 7)dt

1
T t=—%
Ox Oy

p(7) = (2.9)

The value of the cross-correlation coefficient is bounded by -1 < p(t) < 1 and gives a
measure of the linear dependence between x(t) and y(t) for a displacement of T in y(t)

relative to x(t).
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